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Abstract
This paper introduces several miniaturized symmetrical designs of high selectivity metamaterialized low-pass ﬁlters (LPFs)
based on a stepped-impedance (SI) 3rd order Type-I Chebyshev LPF prototype. The pass-band interval of the prototype design
manifests a nearly constant group delay (GD) ranging between 0.4–0.45 ns with lower level of ripples. It further exhibits voltage
standing wave ratios (VSWRs) starting at value 1 and keeping on a reasonable level of impedance matching. To ensure for
considerable metamaterialized LPFs designs, the methodology behind this work has resorted to exploit: split ring resonators
(SRRs), complementary split ring resonators (CSRRs), besides open stubs (OSs). Qualities such as sharp cutoff, high selectivity,
substantial size reduction, and low insertion loss, have all been achieved. The designs were applied on the Roger substrate material
(RO3210) with dielectric constant of 10.2, substrate thickness of 1.27mm, thickness of microstrip conductor of 0.035mm, then
simulated using the package Ansoft High Frequency Structure Simulator (HFSS). The applications ﬁeld of these ﬁlters involves
most microwave (MW) communication systems in diverse civil and military horizons.
© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of organizing committee of the Twelfth International Multi-Conference on Information
Processing-2016 (IMCIP-2016).
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1. Introduction
Different resonators and techniques have been introduced to achieve high performance RF and MW ﬁltering
circuits using planar transmission lines (TLs)1,3, 5. This aims to attain qualities like lower losses, small size, sharp
cutoff, and high rejection stop-band. This involved: stepped-impedance (SI) resonators, open-loop resonators, dual-
and multiple-mode resonators besides defected ground structures (DGSs) embedded in microstrip lines and coplanar
wave guides (CPWs)2,11. As such, the microstrip line became one of the most preferred types of TLs since it can be
easily miniaturized and integrated with both active and passive MW devices. It further provides many merits like low
cost, compact size, light weight, and low insertion loss5,6, 10, 11. This in turn made conventional LPFs, fabricated as
SI microstrip structures, to be quite popular and common. Such LPFs with responses like Equiripple, Elliptic-Cauer,
Bessel, Chebyshev, and Butterworth characteristics, have therefore become necessary rather inevitable components
in the design process of communication systems. The need furthermore arose to have LPFs with: lower insertion
loss in the pass-band, higher selectivity and sharper slop in the transition-band, and considerable attenuation in the
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stop-band2,6, 7. Many design processes in the literature with various approaches were therefore manifested focusing
on: improving LPF’s sharpness of cutoff (selectivity), enhancing its attenuation in stop-band, suppressing ripples by
breaking its periodicity, as well as adopting metamaterials (MTMs) technology4 involving SRRs, CSRR, and open
stubs. Hereby, the advantages of MTM structures are their viability, compact size, besides the ability to provide
improved performance10–12. Several works have thus contributed in this area with different orientations. Balalem
(2010) investigated various multilayer structures including compact quasi-lumped RF ﬁlters. He introduced LPFs
designed by adding wide patches to the classical CPW LPF5. Verma et al. (2013) manifested their work about a
conventional SI LPF utilizing transverse resonance width of capacitive line sections6. Khan et al. (2014) introduced
the design of switched ﬁlter bank for the Indian Giant Metrewave Radio Telescope (GMRT)7. They presented the
Hairpin structure-based microstrip ﬁlters. Suganthi et al. (2012) presented their compact design of a microstrip-based
LPF with Chebyshev response incorporating an array of V-shaped SRR8. Moreover, Garvansh et al. (2014) presented
an LC ladder style LPF with microstrip line conﬁguration realized by the method of ‘moments’9.
This paper presents several microstrip LPF designs based on both resonator and TLs approaches. This makes use
of a novel symmetrical conﬁguration of three metallic structures involving rectangular SRRs and squared/rectangular
CSRRs besides open stubs, arranged such that to create the required responses. The paper reveals various design
aspects of miniaturized symmetrical designs embedding the said structures to achieve steeper metamaterialized LPFs.
This work complements some other earlier works10–12.
2. Background
2.1 The MW LPFs
MW LPFs operate in GHz ranges depleting frequencies higher than cutoff frequency ( fc). Such attenuation is
usually governed by ﬁlter’s order (n) which is the number of reactive components (L, C) involved in the ﬁlter circuit.
Increasing this order within certain limit increases the whole ﬁlter attenuation and makes the ﬁlter’s roll-off at fc
sharper, yet increasing ﬁlter elements5–7 as shown in Fig. 1(a). Being a function of ‘ω’ (angular frequency), the ﬁlter’s
gain (G) of an nth order Type-I Chebyshev LPF is equal to the absolute value of the ﬁlter’s transfer function Hn ( jω)
as described in Equation (1) below6,7.
Gn(ω) = |Hn( jω)| = 1√
1 + 2T 2n
(
ω
ωo
) (1)
ξ = αmin − αmaxfs − fc dB/GHz (2)
where Tn is the Cheyshev polynomial of the nth order,  is the ripple factor, and ωo is the angular cutoff frequency. The
Chebyshev polynomial Tn in the pass-band, varies between −1 to 1, so the ﬁlter’s gain consequently varies between
G = 1 (maxima) and G = 1/√1 + 2 (minima). The gain G has the said minimum value at ωo yet keeps on dropping
into the stop-band along with frequency increase. The “ripple” as amplitude (in dB) = 10 log(1 + 2). A ripple factor
 = 1 therefore yields a ripple amplitude of −3 dB. A schematic diagram of a SI based 3rd order Type-I Chebyshev
LPF is exhibited in Fig. 1(b). Its equivalent circuit illustrated in Fig. 1(c) yields a gain (frequency response) graphically
demonstrated in Fig. 1(d). The said ﬁgure reveals ﬁlter’s steeper roll-off yet with more pass-band ripples if compared
with same order Butterworth ﬁltere. Noticeably, it has no ripples in the stop-band region6,7.
2.2 Filter selectivity (roll-off)
Commonly, ﬁlters are characterized by their fc besides their selectivity (ξ), in dB/GHz. Selectivity is typically
applied to the change in the insertion loss (I L) of the network. In other words, it represents the ‘slope’ of the ﬁlter’s
gain response in the transition area between the pass-band and stop-band regions. Selectivity (ξ) is thus deﬁned
in Equation (2) in above4,5, whereby αmax and αmin represent the −20 dB and the −3 dB attenuation points in the
gain response respectively, while fs and fc are respectively the −20 dB stop-band frequency and the −3 dB cutoff
frequency.
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Fig. 1. (a) SI nth order LC LPF: (i) Structure Layout, (ii) Equivalent Circuit Model; (b) Structure of SI 3rd order LC LPF; (c) Its Approximated
Equivalent Circuit with T-section Topology; (d) Its Gain (Frequency Response) as Type-I Chebyshev LPF5,7; (e) LHMs and Negative Refraction
Compared to a Normal Material4 ; (f) Characteristics of εre and μre of a Single SRR Metamaterialized Structure (of Design 1); (g) SRR Cell of
Rectangular Structure with its Equivalent Circuit; (h) CSRR cell of Squared Structure with its Equivalent Circuit6,7,10 .
2.3 MTMs: essence, behavior, and characteristics
MTMs are materials fabricated to possess properties not found in nature, ﬁrst reported theoretically by Victor
Veselago in 19682–4. They derive their properties from their particular shape, size, geometry, besides their orientation
and arrangement, not from the properties of their base substances. MTMs are usually organized at minute scales
(usually millimeters) smaller than the wavelengths of the MWs they affect in the phenomena they cause. They are
fabricated as rings of thin wirer to display their speciﬁc reactive characteristics as required. John Pendry in 1999
was the ﬁrst to innovate the ‘left-handed material’ (LHM)2–4 violating the ‘right-hand rule’. Such material permits
the electromagnetic (EM) wave to pass on energy with a group velocity against its phase velocity. The main three
complex-valued parameters to specify the EM properties of any dielectric material are: relative electric permittivity
(εr ), relative magnetic permeability (μr ), and refractive index (RI ) which can be determined from RI = ±√εrμr .
The square root with positive sign is conventionally assigned for RI All familiar non-metamaterialized dielectric
materials have μr and εr with positive values and hence called double positive (DPS) materials. Nonetheless, some
engineered MTMs have both μr and εr negative, yet since the product μr εr is positive, RI is real. Pendry exhibited
that a ‘C-shaped’ split ring with axis located along the wave propagation direction constructs a SRR capable to display
μr < 0. The SRR topology illustrated in Fig. 1(g) is therefore convenient to achieve a negative variation of relative
effective permeability (μre) along speciﬁed range of frequencies. However, due to the magneto-electric responses
among GHz frequencies4, SRRs coupled with a periodic array of thin wires could moreover exhibit negative variation
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of relative effective permittivity (εre); giving rise to a MTM with negative refractive index (RI )4,5, 8. MTMs with
negative RI , according to Snell’s law (RI1 sin θ1 = RI2 sin θ2) show that the incident EM waves, when entering the
material, are subjected to refraction on the normal’s same side, since RI2 is hereby negative as shown in Fig. 1(e)4.
In MTMs the term ‘double negative’ (DNG), ‘LHM’ and ‘backward-wave media’ denote the materials that have −ε
and −μ, yielding −RI 2–4. So if the MTM medium is having positive ε and positive μ, EM waves navigate through it
in ‘forward’ direction. If the medium is having negative ε and negative μ, waves propagate through it in ‘backward’
direction. Yet when these two parameters have opposite polarities, the material is called ‘single negative’ (SNG), and
thus the medium becomes opaque to EM radiation (waves navigation stops). SNG material behaves as LHM when
it is set together with an opposite different SNG material, to form jointly a DNG MTM. ‘Epsilon negative’ medium
(ENG) shows a negative εre in the time that it exhibits positive μ2,4re Noble metals (plasmas), such as gold or silver
under the visible spectrums and infrared, display such ENG characteristics Whereas, gyrotropic materials display
Mu-negative (MNG) characteristics through having a negative μre with positive ε4re. (The gyrotropic or gyromagnetic
medium is the one that has been quasistatically changed through subjecting the medium to a quasistatic magnetic
ﬁeld). Joining a MNG piece of material with an ENG piece yields some properties like resonances, zero reﬂection,
and transparency The parameters εre μre and RI in both DNG and SNG MTMs are frequency-dependent. Thereby,
the simulated reﬂection-transmission characteristics of a single SRR metamaterialized LPF structure, experienced in
this work as demonstrated in Fig. 1(f), show that the real parts of εre and μre inﬂect both from positive values into
negative values at fc = 1.9GHz. Nowadays, several artiﬁcial materials are thus fabricated combining properties of
MNG, ENG and DPS. The CSRR, illustrated in Fig. 1(h) as TL-coupled MTM cell, is also an essential component;
introduced by Falconi and Baena et al. (2004)2,4. It was presented to produce negative εr at resonance frequency
depending on its dimensions. CSRR cells are effective for MW devices miniaturization since the unit cell is etched
as a DGS in the microstrip line ground plane yielding no need for added extra space. The methods delineated in2–4
elucidate all the relevant calculations necessary to estimate the individual values of equivalent circuits elements of
the SRRs and CSRRs loaded TLs. This involves all the inherent capacitances and inductances. Within microstrip
technology, different methods were later presented to fabricate negative RI MTMs utilizing artiﬁcially loaded TLs
with lumped-elements. This involved the SI different nth order LPFs structure of Fig. 1(a)5–7. Experiments are now
conducted by diverse research groups4–7,10–12 including studying responses of ‘terahertz’ ranges of 1D, 3D and
multilayer rod-SRR using x-ray lithography.
3. LPFs Design Strategy
In this work the designs strategy has started ﬁrst with setting design speciﬁcations of a SI microstrip-based LPF
prototype to operate in the L-Band of MW frequencies at a chosen fc = 1.9GHz. This prototype has therefore
undergone ‘seven’ successive steps of design mutations within the concept of metamaterialization to achieve better
characteristics. Conﬁgurations of these various metamaterialized mutations with their ‘chosen’ fcs are summarized
in Table 3. These designs are basically pivoted on the said prototype which represents the infrastructure for them.
Resorting to the relevant design charts available in2–4, and keeping both the source and load impedances normalized at
50, the EM properties of SRRs, CSRRs, and OSs components were utilized to do the pertinent required calculations.
These calculations have thereby been used to set the parametric dimensions of the MTM cells and OSs such that to
resonate and thus to ensure for both negative μre and negative εre at the chosen fcs. Metamaterialization has been
achieved through implanting SRRs and OSs components on top of the microstrip line, while embedding CSRRs cells
in its ground plane as DGSs. This has further ensured for considerable ﬁlters minitaturization.
4. LPF Prototype Design
4.1 LPF selection
As explicated in Section 2, realizing negative index MTMs using artiﬁcial lumped-elements loaded TLs represents
one of the recent trends in fabricating SI LPFs based on microstrip technology. Hereby, increasing the ﬁlter’s order
within certain limits increases the whole ﬁlter attenuation and makes the ﬁlter’s roll-off steeper, yet with an increase
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Table 1. Normalized Elements Values of the LPF Prototype.
n go g1 g2 g3 g4
3 1 1.0316 1.1474 1.0316 1
in losses and in the number of ﬁlter’s elements. Selecting the appropriate frequency response between varieties of LPF
sorts (Equiripple, Elliptic-Cauer, Bessel, Chebyshev, Butterworth) adds a new dimension. This should consider not
only ﬁlter selectivity but also level of ripples in the pass-band region. To reach an adequate compromising selection
under such limitations, a 3rd order Type-I Chebyshev LPF has been optimally chosen to be the “prototype” of the
required LPF design. Its SI structure, equivalent circuit model, and typical frequency response have already been
demonstrated in Figs. 1(b), (c), and (d) respectively. It uses a T-section structure of alternating TLs; high-impedance
TLs acting as series inductors besides low-impedance TL acting as shunt capacitor.
4.2 LPF characterization
For ﬁlter characterization, the main three parameters needed to consider in the presented SI LPF prototype design
are: ﬁlter selectivity (ξ), insertion loss (I L), and return loss (RL). ξ has already been deﬁned in Equation (2), while
I L and RL are related to scattering parameters (Si j ) and VSWRs2–4 as described in Equations (3)–(6)
I L = −20 · Log|Si j | dB i, j = 1, 2(i = j) (3)
I L = −10 · Log
[
1 −
(
V SW R − 1
V SW R + 1
)2]
= −10 · Log(1 − 100.1RL) dB (4)
V SW R = 1 + |S11|
1 − |S11| (5)
RL = 20 · Log|Si j | dB j = 1, 2 (6)
4.3 LPF prototype: design speciﬁcations
Recalling the structure of the SI 3rd order LC LPF illustrated in the schematic diagram of Fig. 1(a), and in order
to provide for the required prototype design speciﬁcations, its fc = 1.9GHz and ZO = 50 have hereby been
considered. Nevertheless, this prototype has ﬁrst to undergo a process of normalization in relevance with frequency
and impedance. The simpliﬁes design of the LPF for arbitrary type, impedance, and frequency. So according to the
said charts, the (n + 2) corresponding values of the normalized reactive elements gk , (k = 0, n + 1) of the selected SI
3rd order LPF, are thus listed in Table 1. Regarding the normalized cutoff c = 1, taking in consideration the pertinent
lumped-element transformations formula4, Li and C2 of Fig. 1(a) can be calculated using Equations (7) and (8).
Li = Zo · c2 · π · fc · go · gi (nH) i = 1 or 3 (7)
C2 = go · c2 · π · fc · Zo · g2 (pF) (8)
This yields L1 = L3 = 8.209 nH and C23.652 pF. Whereby, and bearing in mind the relevant design norms which
state to set ‘highest’ adequate impedance value in the high-impedance outline (ZL) and ‘lowest’ adequate one in the
low-impedance lines (ZC), the LPF’s ZL and ZC have thus been set as 90 and 26 respectively. As such, and to
ensure for ‘less’ IL, a substrate of Roger (RO3210)material having dielectric constant εr = 10.2, height h = 1.27mm,
besides conductors thickness t = 0.035mm, has been selected between other choices, for prototype realization. The
corresponding design parameters of this prototype are therefore outlined in Table 2(a), where W represents the set
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Table 2(a). Primary Design Parameters of LPF Prototype.
Parameters C O L
Zo () 26 50 90
λg (mm) 107 113 120
W (mm) 3.8 1.4 0.3
Table 2(b). Final Design Parameters for fc = 1.9GHz LPF Prototype.
Physical Length (mm) Accurate Length (mm)
L1 = L3 (nH) C2 (pF) lL lC lL lC
8.209 3.652 10.94 9.75 9.71 7.11
physical widths of each of the SI microstrip line constituents, obtained using the pertinent formula4. The high- and
low-impedance lines’ physical lengths (lL , lC ) are thereby described in Equations (9) and (10) as manifested below.
lL = λgL2π sin
−1
(
wc · L
ZOL
)
(9)
lC = λGC2π sin
−1(wc · C · ZOC) (10)
wcL = ZOL · sin
(
2πlL
λgL
)
+ ZOC · tan
(
πlC
λgC
)
(11)
wcC = 1ZOC sin
(
2πlC
λgC
)
+ 2 · 1
ZOL
tan
(
πlL
λgL
)
(12)
Albeit, their accurate lengths need to be adjusted through Equations (11) and (12) in above, where λg is the guided
wavelength. The corresponding actual layout dimensions after optimization besides the overall results through
applying the above equations are listed in Table 2(b). A layout of this LPF prototype is exhibited in Fig. 2(a). The
ﬁgure shows it’s indicated dimensions with area of 41.11 × 14 = 575.54mm2.
Through applying the parameters values of Table 2 in the HFSS simulation package, the prototype’s S-parameters
(S11, S21), VSWR, and thus the IL and RL have been determined to manifest the ﬁlter’s frequency response as shown
in Fig. 2(b). The ﬁgure exhibits a −3 dB attenuation at fc = 1.9GHz, and maximum offered attenuation of the
IL of around −10 dB at stop-band frequency fs = 3.3GHz. The roll-off rate ξ = 4.29 dB/GHz while the BW of
its stop-band = 2.63GHz. Hereby, the pass-band interval of the prototype design in Figs. 2(e) and (f) respectively
manifests that the VSWRs are ranging from 1 to 5, signifying a reasonable level of impedance matching. It further
exhibits a nearly constant GD approximating 0.4–0.45ns with lower level of ripples.
5. Miniaturized Symmetrical Designs of High Selectivity Metamaterialized LPFs
5.1 Implanting SRR and CSRR cells within prototype microstrip line
Implanting SRR and CSRR cells within the prototype microstrip line is governed by a rule in MTMs systems
design stating that “The higher chosen cutoff frequency the smaller cell size to design, and vice versa”3,4. Whereby,
implanting a SRR cell within the prototypemicrostrip line innately represents to replace the equivalent circuit’s vertical
(shunt) capacitor of the 3rd order LPF prototype design depicted in Fig. 1(c), with the SRR equivalent circuit exhibited
in Fig. 1(g). Hereby, in the said equivalent circuit, the inductive coupling (L ′1, L ′2) and the capacitive coupling (C ′1,C ′2)
between the two SRR rings (the outer and the inner) are modeled through the shown transformer with transformation
ratio (N) and the coupling capacitor (Cm), respectively3,4. The double rings of the SRR in Fig. 1(g) were accordingly
chosen in this work to be of rectangular copper strips. Each of the splits of the outer and the inner rings was of same
gap (g) = 0.2mm. The distance departing the outer and inner rings (d) was also 0.2mm. Strips thickness was set
to be 0.035mm, while the strips parameters were set to have geometric dimensions as a = 3.8mm, b = 7.11mm,
and strip width c = 0.3mm, respectively. Likewise, embedding a CSRR within the said microstrip line as DGS
intrinsically implies to replace the ‘two T-section inductors’ of the equivalent circuit of the 3rd order LPF prototype in
Fig. 1(c) with the ‘two L/2 T-section inductors’ of the CSRR equivalent circuit in Fig. 1(h). It subsequently implies
to connect the “earth” point of the CSRR equivalent circuit with the “ground” line in the LPF equivalent circuit.
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Fig. 2. (a) Layout of a SI Microstrip-based Prototype of a 3rd order Type-I Chebyshev LPF; (c) Its S21 and S11 Frequency Response; (b) Layout
of Mutated LPF Prototype using 1 Rectangular SRR (Design 1); (d) Its S21 and S11 Frequency Response; (e) VSWR Patterns of the LPF Prototype;
(f) Its GD.
The geometric parameters of this squared CSRR cell have been set as a = b = 7.1mm, with etching width c =
0.45mm. The distance departing the inner and outer etched rings d = 0.45mm, while each of the splits of the
inner and the outer rings was of the same gap of 0.45mm. As elucidated in next section, these SRR and CSRR cells
have been differently utilized in the various mutation stages applied on the LPF prototype to achieve better ﬁlter
characteristics. Therefore, through applying the above cells dimensions within the said mutated metamaterialized
structures in the HFSS package, the corresponding frequency response curves of S-parameters (S21 and S11) have
whereby been obtained. Thereafter, applying the discrete values of these S21 and S11 parameters curves in MATLAB,
the resulting corresponding curves exhibiting εre and μre of the proposed metamaterialized structures have in turn
been obtained. Within the aforementioned curves, the frequency positions of the ‘negative’ values of both εre and
μre have been easily indicated, identifying (or rather conﬁrming) the chosen cutoff frequencies at which the speciﬁc
different metamaterialized LPF structures resonate.
5.2 Design mutation stages
For better characteristics, seven successive stages of design ‘mutations’ under the concept of metamaterialization,
have been consecutively carried out on the LPF prototype of Fig. 1(c). Taking in consideration the speciﬁcally already
chosen cutoff frequencies listed in Table 3, this has involved implanting SRRs, OSs, and embedding CSRRs into the
LPF microstrip substrate. Among each one of these mutation stages, the ﬁrst step was to scale the LPF prototype to the
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Fig. 3. Layout and Frequency Response of LPF Prototype Mutated with: (a) & (g) 1 Rectangular SRR + 2 Transverse OSs (Design 2);
(b) & (h) 1 Rectangular SRR + 1 Squared CSRR (Design 3); (c) & (i) 1 Rectangular SRR + 1 Squared CSRR + 2 Transverse OSs (Design 4);
(e) & (j) 1 Rectangular SRR + 3 Squared CSRR (Design 5); (d) & (k) 1 Rectangular SRR + 3 Squared CSRR + 2 Transverse OSs (Design 6);
(f) & (l) 1 Rectangular SRR + 3 Rectangular CSRR + 2 Longitudinal OSs (Design 7).
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Table 3. Characteristics of Seven Different Miniaturized Metamaterialized LPFs.
Design fc (GHz) BW of stop-band (GHz) ξ dB/GHz
Design 1: Prototype + 1 Rectangular SRR 2.5 1.4 67.6
Design 2: Prototype + 1 Rectangular SRR + 2 Transverse OSs 2.58 1.37 80
Design 3: Prototype + 1 Rectangular SRR + 1 Squared CSRR 1.8 1.6 110
Design 4: Prototype + 1 Rectangular SRR + 1 Squared CSRR + 2 Transverse OSs 1.8 1 125
Design 5: Prototype + 1 Rectangular SRR + 3 Squared CSRR 1.6 2.25 185
Design 6: Prototype + 1 Rectangular SRR + 3 Squared CSRR + 2 Transverse OSs 1.8 0.6 270
Design 7: Prototype + 1 Rectangular SRR + 3 Rectangular CSRR + 2 Longtudinal OSs 2.3 0.92 51.51
required values of impedance and frequency. The second step was to replace the lumped-elements by the corresponding
SI microstrip-based structures for implementation as distributed circuit elements to resonate at the corresponding
different fcs listed in Table 3. The third step was thus to tune and optimize the speciﬁc parameters in each of the seven
designs. The fourth (last) step was to apply these parameters in the HFSS package based on ﬁnite element method
(FEM) to simulate the S-parameters of the mutated ﬁlters. The subsequent layouts of the seven different ﬁlter designs
with their frequency responses are exhibited in Figs. 2(b) and (d) besides Figs. 3(a–l).
5.3 Observation remarks
The LPF prototype with fc = 1.9GHz has achieved ξ = 5 dB/GHz. Hereby, it can be seen that in Design 1, which
merely incorporates one rectangular SRR cell to set the ﬁlter to resonate at fc = 2.5GHz, the ﬁlter illustrated steeper
roll-off as ξ = 67.6 dB/GHz. Further, enhancing the high impedance (series inductance) lines with two symmetrical
transverse OSs (Design 2) to show fc = 2.58GHz, the ﬁlter has been modiﬁed to have sharper slop in stop-band
region, better pass-band match, besides higher ξ attaining 80 dB/GHz. However in Design 3, replacing these two
transverse OSs with single squared CSRR as DGS to resonate at fc = 1.8GHz has led to better characteristics of
ξ = 110 dB/GHz. Albeit in Design 4, keeping both of the single squared CSRR as well as the two symmetrical
transverse OSs in addition to the ‘fundamental’ single rectangular SRR to set the ﬁlter to also show fc = 1.8GHz, has
thus caused the selectivity to rise up into 125 dB/GHz. Nonetheless in Design 5, enhancing the single rectangular SRR
with three symmetrical squared CSRR to resonate at fc = 1.6GHz has alleviated ξ substantially into 185 dB/GHz.
Yet in Design 6, when the said combination has been equipped with the two symmetrical transverse OSs to have
fc = 1.8GHz, the roll-off has been highly promoted into 270 dB/GHz, which has hereby attained the best roll-off
improvement. The last mutation here is Design 7 which involved the fundamental rectangular SRR plus three
symmetrical ‘rectangular’ CSRR besides two symmetrical ‘longitudinal’ OSs to resonate at fc = 2.3GHz. This very
combination has hereby achieved the ‘lowest’ roll-off; ξ has declined into 51.51 dB/GHz. The whole LPF prototype
area was 657.76mm2 while the mutated metamaterialized ﬁlters have achieved miniaturization of 30% when the
virtually accumulative size was considered. This is since the construction of CSRR cells is of dimensions within the
speciﬁc sub-wavelength range, causing dispersion or scattering in frequency4. Through inspecting these ﬁgures, it
has been observed that the roll-offs at the corresponding fcs vary in sharpness depending on the speciﬁc mutative
design. However, all of these metamaterialized designs show better characteristics in the pass-band compared to ﬁlter
prototype design as summarized in Table 3.
6. Conclusions and Future Scope
An assortment of miniaturized symmetrical metamaterialized designs of high selectivity MW LPFs with sharp
cutoff is presented. These designs were pivoted on a basic prototype design of a SI microstrip-based LPF of 3rd order
Type-I Chebyshev response. Along the pass-band interval, the group delay of this LPF prototype remained almost
constant ranging between 0.4–0.45ns with lower level of ripples, while the VSWR patterns have started at value 1
and maintained a reasonable level of impedance matching. The designs phases involved several consecutive stages
of step-wise metamaterialized mutations, at speciﬁcally chosen cutoff frequencies, performed on the LPF prototype.
The MTM cells and OSs were ‘symmetrically’ distributed on the top plane and the ground bottom of the microstrip
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giving rise to change in the effective inductance and capacitance of the mictrostrip line laid as ﬁlter. Besides the
physical dimensions of the used dielectric, the OSs, and the metallic strips, the ﬁlter designs properties have also
been inﬂuenced by the presence of the embedded MTMs, their distance apart, rings diameters and widths, in addition
to the departing distance between the OSs and the center cell. Observation remarks of this work have shown better
results when compared with some other existing works5–9. The LPFs’ S-parameters of the seven designs integrating
MTMs cells presented in this work demonstrate quite abrupt selectivity that is much steeper than those in the said
works. The presented seven designs involving the said additives have comparably realized seven better advantages,
namely: higher selectivity, ﬂatter group delay over the pass-band, lower insertion loss, extending and ﬂattening the
pass-band bandwidth in the LPFs’ characteristics, besides achieving sharper cutoff. The LPF prototype’s overall area
was 657.76mm2 while the mutated metamaterialized ﬁlters incorporating MTMs have achieved miniaturization of
30%; a merit representing the sixth advantage. The seventh one is opening the door widely towards some speciﬁc
other horizons. Investigating the utilization of diverse microstrip types and various ring resonators of other geometrical
shapes (e.g. S, U, V, , etc.) under ‘fractal’ concept with different physical dimensions with/without open stubs may
form a reasonable future work.
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